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Significantly	  Mutated	  Genes	  	  
Pa

#e
nt
s	  

Genes	  

Sta#s#cal	  test	  

background	  muta3on	  rate	  (BMR),	  
gene	  specific	  effects,	  etc.	  

Number	  Pa3ents	  
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y	  

Muta#on	  Matrix	  

Study	   Num.	  Samples	   Num.	  SMG	  

TCGA	  Ovarian	  (2011)	   316	   10	  

TCGA	  Breast	  (2012)	   510	   35	  

TCGA	  Colorectal	  (2012)	   276	   32	  



Significantly	  Mutated	  Genes	  	  

Sta#s#cal	  test	  

background	  muta3on	  rate	  (BMR),	  
gene	  specific	  effects,	  etc.	  

Number	  Pa3ents	  

Fr
eq

ue
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y	  

à	  Pathways	  

TCGA	  Ovarian	  
(Nature	  2011)	  

TCGA	  Colorectal	  (Nature	  2012)	  



Advantages	  of	  Large	  Datasets	  

Known	  pathways	  	   None	  

Prior	  knowledge	  

Prior	  knowledge	  of	  groups	  of	  genes	  
	  

Interac3on	  Network	  

Pa
#e

nt
s	  

Genes	  

•  Novel	  pathways	  or	  interac3ons	  between	  
pathways	  (crosstalk)	  	  

•  Topology	  of	  interac3ons	  



Two	  Algorithms	  

Known	  pathways	  	   None	  

Prior	  knowledge	  

Prior	  knowledge	  of	  groups	  of	  genes	  
	  

Number	  of	  Hypotheses	  

Interac3on	  Network	  

HotNet	  
	  subnetworks	  of	  	  

interac3on	  network	  
Dendrix	  

Exclusive	  gene	  sets	  	  
Pa

#e
nt
s	  

Genes	  



HotNet:	  Problem	  Defini3on	  
Given:	  	  
1.  Network	  G	  =	  (V,	  E)	  

	  V	  =	  genes.	  	  E	  =	  interac3ons	  b/w	  genes	  
2.  Binary	  muta3on	  matrix	  
	  	  
	  
	  
	  
Find:	  Connected	  subnetworks	  mutated	  in	  a	  
significant	  number	  of	  pa3ents.	  

Pa
#e

nt
s	  

Genes	  

=	  not	  mutated	  
=	  mutated	  



Subnetwork	  Proper3es	  

•  Moderate	  frequency/score	  
•  Highly	  connected	  

•  High	  frequency/score	  
•  Connected	  through	  high-‐degree	  

node.	  

	  Example:	  TP53	  has	  238	  neighbors	  in	  HPRD	  network	  

Muta3on	  frequency/score	  AND	  network	  topology	  
Number	  Pa3ents	  

Fr
eq

ue
nc
y	  



Human	  Interac#on	  Network

=	  mutated	  genes	  
Pa
3e

nt
s	  

Genes	  
Muta#on	  Matrix	  

Mutated	  subnetworks:	  HotNet*	  

Muta#on	  à	  	  heat	  diffusion	  	  	  

Hot	  

Cold	  
*F.	  Vandin,	  E.	  Upfal,	  and	  B.	  J.	  Raphael.	  	  J.	  Comp.Biol.	  (2011).	  	  Also	  RECOMB	  (2010).	  

(1)	  

(2)	  

Extract	  “significantly	  hot”	  subnetworks



Pa
3e

nt
s	  

Genes	  
Muta#on	  Matrix	  

Sta3s3cal	  Test	  

Pa
3e

nt
s	  

Genes	  
Random	  Binary	  Matrix	  

Xs	  =	  number	  of	  subnetworks	  	  ≥	  s	  genes	  
Two-‐stage	  mul#-‐hypothesis	  test:	  Rigorously	  bound	  FDR.	  



HotNet	  PanCancer:	  Goals	  
Find	  subnetworks/pathways:	  
1.  Mutated	  across	  all	  cancer	  types.	  
	  
	  
	  
2.  Mutated	  in	  a	  subset	  of	  cancer	  

types.	  

3.  Mutated	  across	  all/many	  cancer	  
types,	  but	  with	  type-‐specific	  
muta3ons.	  



HotNet	  PanCancer	  

HotNet	  

Muta3on	  &	  
copy	  number	  

Thousands	  Pa3ents	  

~2
00
00
	  G
en

es
	  	  

Interac3on	  network	  
>	  10K	  proteins	  
>	  200K	  interac3ons	  



HotNet	  PanCancer	  

Muta3on	  &	  
copy	  number	  

Thousands	  Pa3ents	  

~2
00
00
	  G
en

es
	  	  

Interac3on	  network	  
>	  10K	  proteins	  
>	  200K	  interac3ons	  

Number	  Pa3ents	  

Fr
eq

ue
nc
y	  

	  ≥	  0.8%	  frequency	  	  
	  or	  significant	  in	  ≥	  1	  cancer	  type	  	  

SNVs	  (nonsynonymous)	  and	  small	  indels	   Copy	  number	  aberra#ons	  	  

Target	  gene	  selec3on:	  GISTIC	  max	  peaks	  	  



Muta3on	  Data	  Summary	  
Total:	  765	  genes,	  1984	  samples	  

Cancer	  (sub)type	   	  	  Num	  samples	  

AML	   	  	  200	  

COADREAD	   	  	  185	  

GBM	   	  	  261	  

Basal-‐like	   	  	  87	  

HER2	   	  	  61	  

LuminalA	   	  	  215	  

LuminalB	   	  	  119	  

KIRC	   	  	  292	  

LUSC	   	  	  86	  

OV	   	  	  311	  

UCEC	    166	  
Mut. Freq. of SNV
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HotNet:	  iRef	  Network	  

HotNet	  

Muta3on	  &	  
copy	  number	  

1984	  Pa3ents	  

~2
00
00
	  G
en

es
	  	  

iRef	  9.0	  network	  
212,746	  interac3on	  
14,384	  proteins	  	  

11	  subnetworks	  with	  ≥	  3	  genes	  	  (P	  <	  0.01)	  
	  



iRef Summary	

Subnetwork	
 Coverage	


TP53, MDM4, MDM2, STK11, RNF20	
 48.6% (964 / 1984 samples)	


PIK3CA, KRAS, NRAS, IRS2	
 45.6% (904 / 1984 samples)	


EGFR, ERBB2, ERBB3, INSR, KIT, NTRK1, PDGFRB, 
CBLB	


44.3% (878 / 1984 samples)	


RB1, CDKN2A, CDK4, CCND1, CEBPA,, DNMT1	
 40.1% (796 / 1984 samples)	


BRIP1, ATR, TP53BP1, BLM, BRCA1, FANCA, FANCM	
 32.3% (641 / 1984 samples)	


PTEN, PIK3R1, PDGFRA, SOS1	
 32.1% (636 / 1984 samples)	


BAP1, ASXL1, ASXL2,  ANKHD1-EIF4EBP3, HCFC1, 
ANKRD17, 	


30.8% (611 / 1984 samples)	


CTNNB1, MYO7A, KDR, CDH1	
 29.4% (584 / 1984 samples)	


Cohesin	
 28.8% (571 / 1984 samples)	


MYC, SETDB1, DNMT3A	
 28.7% (569 / 1984 samples)	


ARID1A, ARID2, BAZ1B	
 13.2% (261 / 1984 samples)	




TP53, STK11, MDM4, et al.	

Coverage: 48.2% (957/1984 samples)	


TP53 (778)	


STK11 (304)	


MDM4 (181)	


MDM2 (105)	


RNF20 (16)	


Mutations Types	


SNV	
 AMP	
 DEL	


HER2-enriched (82%)	


AML (7.5%)	

Luminal A (25.1%)	

Luminal B (58.8%)	

Basal-like (931.%) (p = 5.73x10-19)	


COADREAD (63.2%) (p = 0.0001) 	

GBM (48.3%)	

KIRC (5.1%)	

OV (95.2%) (p = 1.18x10-83)	


UCEC (40.4%)	

LUSC (76.7%) (p = 3.88x10-7)	


TP53 MDM2

STK11MDM4

RNF20

Mutations / Gene

778
741
704
667
630
593
556
519
482
445
408
370
333
296
259
222
185
148
111
74
37

Mutations by Cancer	


AML: 0.0059	

COADREAD: 8.52x10-9 	  
LUSC: 0.0018	


OV: 2.78x10-9	
GBM: 0.00011	

LuminalA: 0.00088	


KIRC: 0.0013	




Coverage: 42.4% (842/1984 samples)	

PIK3CA (605)	


KRAS (224)	


NRAS (40)	


IRS2 (136)	


Mutations Types	


SNV	
 AMP	
 DEL	


PIK3CA NRAS

IRS2KRAS

Mutations / Gene

778
741
704
667
630
593
556
519
482
445
408
370
333
296
259
222
185
148
111
74
37

LuminalA: 3 x10-11 	  

COADREAD: 3 x 10-20	  

AML: 4 x10-16 	

COADREAD: 0.0011	


D.J.	  Burgess.	  
Nature	  Reviews	  Cancer	  11,	  389	  (June	  2011)	  	  

PIK3CA	  and	  RAS	  interac3ons	  

HER2-enriched (59%)	


Mutations by Cancer	

AML (11.5%)	

Luminal A (56.3%) (p = 0.0001)	

Luminal B (51.3%)	

Basal-like (57.5%)	


COADREAD (61.1%) (p=7.91x10-7)	

GBM (16.9%)	

KIRC (11.3%)	

OV (66.9%) (p = 3.12x10-20)	

UCEC (63.3%) (p = 1.68x10-7)	

LUSC (54.7%)	




Coverage: 28.8% (572/1984 samples)	

BRIP1 (214)	


FANCA (21)	


FANCM (16)	


ATR (183)	


TP53BP1 (157)	


BLM (150)	


BRCA1 (24)	


Mutations Types	


SNV	
 AMP	
 DEL	


BRCA1 BLM

TP53BP1FANCA

BRIP1

ATR FANCM

Mutations / Gene

778
741
704
667
630
593
556
519
482
445
408
370
333
296
259
222
185
148
111
74
37

HER2-enriched: 0.00078	

LuminalB: 0.00084	  

DNA	  Repair	  

HER2-enriched (68.9%) (p = 6.60x10-10)	


AML (0.5%)	

Luminal A (20%)	

Luminal B (42%)	

Basal-like (54.%) (p = 4.91x10-6)	


COADREAD (21.1%)	

GBM (16.1%)	

KIRC (15.4%)	

OV (60.5%) (p = 2.75x10-36)	

UCEC (22.9%)	

LUSC (43%)	


Mutations by Cancer	




Coverage: 22% (437/1984 samples)	


RAD21 (263)	


STAG1 (154)	


STAG2 (40)	


SMC1A (28)	


SMC3 (17)	


Mutations Types	


SNV	
 AMP	
 DEL	


STAG2 SMC1A

SMC3STAG1

RAD21

Mutations / Gene

778
741
704
667
630
593
556
519
482
445
408
370
333
296
259
222
185
148
111
74
37

GBM: 7.6x10-5 	
 AML: 0.0035	


AML: 9.4 x10-5 	  

Cohesin	  Complex	  

HER2-enriched (45.9%) (p = 0.0002)	


AML (13%)	

Luminal A (14.9%)	

Luminal B (26.1%)	

Basal-like (40.2.%) (p = 0.0008)	


COADREAD (13%)	

GBM (9.6%)	

KIRC (9.9%)	

OV (54%)	

UCEC (11.4%)	

LUSC (23.3%)	


Mutations by Cancer	




Polycomb	  group	  proteins	  

Cancer types	


Mutation type	


AML (8)	

BRCA (15)	

COADREAD (12)	

GBM (4)	

KIRC (27)	


OV (6)	

UCEC (34)	


SNV	
 CNA	

1 2 43 5 7 9 12 17 23 32 44 60 82 112 153 210 287 393 538 737

Mutations / Gene	


Coverage: 6.1% (106/1740 samples)	


ASXL1 ANKRD17

BAP1ASXL2

ASLX1 (37)	


BAP1 (36)	

ANKRD17 (22)	


ASLX2 (18)	


PR-‐DUB	  complex	  



Coverage: 29% (575/1984 samples)	


BAP1 (204)	


ANKH1D1 (150)	


HCFC (136)	


ANKRD17 (128)	


ASXL1 (115)	


ASXL2 (18)	


Mutations Types	


SNV	
 AMP	
 DEL	


HCFC1 ASXL1

ASXL2ANKHD1-E

ANKRD17

BAP1

Mutations / Gene

778
741
704
667
630
593
556
519
482
445
408
370
333
296
259
222
185
148
111
74
37

KIRC: 2.5 x10-16 	  

AML: 0.0038	

COADREAD: 2x10-5 	

UCEC: 0.00066	  

Polycomb	  Group	  Proteins	  

PR-‐DUB	  complex	  

HER2-enriched (41%)	


AML (4.5%)	

Luminal A (19.1%)	

Luminal B (29.4%)	

Basal-like (49.4.%) (p = 0.0003)	


COADREAD (23.8%)	

GBM (7.7%)	

KIRC (44.5%) (p = 7.49x10-9)	

OV (54.7%) (p = 2.50x10-24)	

UCEC (20.5%)	

LUSC (27.9%)	


Mutations by Cancer	




HotNet:	  HPRD	  Network	  

HotNet	  

Muta3on	  &	  
copy	  number	  

1984	  Pa3ents	  

~2
00
00
	  G
en

es
	  	  

HPRD	  9.0	  network	  
39,173	  interac3on	  
9,617	  proteins	  	  

20	  subnetworks	  with	  ≥	  3	  genes	  (P	  <	  0.01)	  
	  



HPRD Summary	

Subnetwork	
 Coverage	


PIK3CA and neighbors	
 64.8% (1286 / 1984 samples)	


AR1D1A, PBRM1, and neighbors	
 64.6% (1281 / 1984 samples)	


Cohesin and neighbors	
 47.6% (945 / 1984 samples)	


C3, THBS1, CFH, COL3A1, ITGAX, LAMA1	
 30.7% (609 / 1984 samples)	


TG, LPA, ANKS1B, LRP2	
 28.2% (559 / 1984 samples)	


AXIN2, RP1, APC, PTPN13	
 27.0% (535 / 1984 samples)	


BRIP1, BAP1, BRCA1	
 24.3% (483 / 1984 samples)	


PTPRS, CDH1, PTPRK, PPFIA2, PTPRM	
 24.3% (482 / 1984 samples)	


MYC, DNMT3A, DNMT1	
 22.8% (453 / 1984 samples)	


ANK1, L1CAM, NCAN, TNC	
 21.9% (435 / 1984 samples)	


CCNE1, NOTCH3, NOTCH4, FBXW7	
 20.5% (406 / 1984 samples)	


SLIT3, ROBO2, ROBO1, SLIT2, SRGAP1	
 17.9% (355 / 1984 samples)	


MCL1, BCL2L1, BCLAF1	
 16.8% (333 / 1984 samples)	


NTRK1, NTRK3, RASGRF1	
 16.3% (324 / 1984 samples)	


MYO7A, NFE2L2, KEAP1	
 16.1% (319 / 1984 samples)	


MLLT4, EPHA7, NRXN3	
 15.2% (302 / 1984 samples)	


COL4A1, COL4A5, COL4A6, FBLN2	
 11.8% (234 / 1984 samples)	


OPRM1, GRM1, GPRASP1	
 10.8% (215 / 1984 samples)	


CDH18, CDH12, CDH10, CDH9	
 10.6% (211 / 1984 samples)	


FLNA, CALCR, GRM8, CASR	
 10.1% (201 / 1984 samples)	




HPRD Summary	

Subnetwork	
 Coverage	


PIK3CA and neighbors	
 64.8% (1286 / 1984 samples)	


AR1D1A, PBRM1, and neighbors	
 64.6% (1281 / 1984 samples)	


Cohesin and neighbors	
 47.6% (945 / 1984 samples)	


C3, THBS1, CFH, COL3A1, ITGAX, LAMA1	
 30.7% (609 / 1984 samples)	


TG, LPA, ANKS1B, LRP2	
 28.2% (559 / 1984 samples)	


AXIN2, RP1, APC, PTPN13	
 27.0% (535 / 1984 samples)	


BRIP1, BAP1, BRCA1	
 24.3% (483 / 1984 samples)	


PTPRS, CDH1, PTPRK, PPFIA2, PTPRM	
 24.3% (482 / 1984 samples)	


MYC, DNMT3A, DNMT1	
 22.8% (453 / 1984 samples)	


ANK1, L1CAM, NCAN, TNC	
 21.9% (435 / 1984 samples)	


CCNE1, NOTCH3, NOTCH4, FBXW7	
 20.5% (406 / 1984 samples)	


SLIT3, ROBO2, ROBO1, SLIT2, SRGAP1	
 17.9% (355 / 1984 samples)	


MCL1, BCL2L1, BCLAF1	
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Figure 2 | SLIT/ROBO signalling in pancreatic ductal adenocarcinoma.
a, SLIT/ROBO signalling normally enhances b-catenin complex formation
with E-cadherin and suppresses WNT signalling activity. Loss of ROBO1/2
signalling promotes stabilization of b-catenin, which decreases E-cadherin
complex formation and cell adhesion and augments WNT signalling activity
through increased nuclear translocation of b-catenin. In addition, SLIT/ROBO
signalling can downregulate MET signalling activity; loss of ROBO signalling
activity promotes MET signalling downstream and may have an impact on

therapeutic strategies aimed at inhibiting MET activity at the receptor level.
(Adapted from ref. 20.) Aberrations in SLIT2 and/or ROBO1/2 affected 23% of
patients (6% mutated with 1 patient showing mutations in both SLIT2 and
ROBO2), with 18% demonstrating CNV corresponding to loss of the gene.
b, c, High expression of SLIT receptor ROBO2 was associated with a better
prognosis (b), and high expression of ROBO3, an inhibitor of ROBO2, showed
an inverse relationship, with high levels associated with poor survival (c). HR,
hazard ratio.
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Figure 3 | Axon guidance genes in human and murine pancreatic ductal
adenocarcinoma. a, Kaplan–Meier survival curves showing co-segregation of
aberrant expression of components of semaphorin signalling with outcome.
Amplification at SEMA3A and PLXNA1 loci was associated with high mRNA
expression and both are independent poor prognostic factors. b, Quantitative
RT–PCR for components of semaphorin and SLIT/ROBO signalling in murine

models of early (acinar-to-ductal metaplasia (ADM) and pancreatic injury) and
established PDAC in genetically engineered mice with a Pdx1-promoter-driven
activating mutation of Kras and mutant Tp53 allele (Pdx1-Cre; LSL-KrasG12D;
LSL-Trp53R172H). Error bars represent standard error of the mean (see
Supplementary Table 15 for details).
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Pancreatic cancer genomes reveal
aberrations in axon guidance pathway genes
A list of authors and their affiliations appears at the end of the paper

Pancreatic cancer is a highly lethal malignancy with few effective therapies. We performed exome sequencing and copy
number analysis to define genomic aberrations in a prospectively accrued clinical cohort (n 5 142) of early (stage I and II)
sporadic pancreatic ductal adenocarcinoma. Detailed analysis of 99 informative tumours identified substantial
heterogeneity with 2,016 non-silent mutations and 1,628 copy-number variations. We define 16 significantly mutated
genes, reaffirming known mutations (KRAS, TP53, CDKN2A, SMAD4, MLL3, TGFBR2, ARID1A and SF3B1), and uncover
novel mutated genes including additional genes involved in chromatin modification (EPC1 and ARID2), DNA damage
repair (ATM) and other mechanisms (ZIM2, MAP2K4, NALCN, SLC16A4 and MAGEA6). Integrative analysis with in vitro
functional data and animal models provided supportive evidence for potential roles for these genetic aberrations in
carcinogenesis. Pathway-based analysis of recurrently mutated genes recapitulated clustering in core signalling
pathways in pancreatic ductal adenocarcinoma, and identified new mutated genes in each pathway. We also
identified frequent and diverse somatic aberrations in genes described traditionally as embryonic regulators of axon
guidance, particularly SLIT/ROBO signalling, which was also evident in murine Sleeping Beauty transposon-mediated
somatic mutagenesis models of pancreatic cancer, providing further supportive evidence for the potential involvement
of axon guidance genes in pancreatic carcinogenesis.

Pancreatic cancer is the fourth leading cause of cancer death, with an
overall 5-year survival rate of ,5%, statistics that have not changed in
almost 50 years1. Advances in neoadjuvant and adjuvant chemothera-
peutic regimens have resulted in some improvement in outcome, but
pancreatectomy remains the single most effective treatment modality
for pancreatic cancer, and offers the only potential for cure. Only 20% of
patients present with localized, non-metastatic disease which is suitable
for resection2. Those who undergo resection and receive adjuvant
therapy have a median survival of 12–22 months and a 5-year survival
of 20–25%3. Existing systemic therapies are only modestly effective and
the median survival for patients with metastatic disease remains
6 months. Genomic characterization of pancreatic ductal adenocarci-
noma (PDAC), which accounts for over 90% of pancreatic cancer, has
so far focused on targeted polymerase chain reaction (PCR)-based
exome sequencing of primary and metastatic lesions propagated as
xenografts or cell lines4. A deeper understanding of the underlying
molecular pathophysiology of the clinical disease is needed to advance
the development of effective therapeutic and early detection strategies.

Clinical cohort
A cohort of 142 consecutive patients with primary operable, untreated
PDAC who underwent pancreatectomy with curative intent (pre-
operative clinical stages I and II) were recruited, and consent was
obtained for genomic sequencing through the Australian Pancreatic
Cancer Genome Initiative (APGI), the Baylor College of Medicine
Pancreatic Cancer Genome Project and the Ontario Institute for
Cancer Research Pancreatic Cancer Genome Study (ABO collabora-
tion) between June 2005 and June 2011 as part of the International
Cancer Genome Consortium (ICGC)5. Detailed clinico-pathological
characteristics of the cohort demonstrated features typical of resected
PDAC with regard to tumour size, grade, lymph node metastasis
and survival when compared to multiple retrospectively acquired
cohorts6–8, defining the accrued population as representative of
the clinical disease in the community (Supplementary Table 1 and
Supplementary Fig. 1).

Cellularity and mutation detection
A major challenge in genomic sequencing is the low malignant epithe-
lial cell content of many cancers, which can adversely impact on the
sensitivity of mutation detection. Most sequencing studies so far have
used samples with .70% tumour cellularity, or cell lines/xenografts4,9.
To implement genomic sequencing approaches in clinical practice, it is
imperative to efficiently and accurately detect actionable mutations in
diagnostic clinical samples. We devised methodologies to overcome
the challenges associated with extensive desmoplastic stroma that is
characteristic of the majority of PDAC, and these strategies facilitated
the discovery of novel molecular mechanisms in the pathophysiology
of this disease. The cellularity of each primary sample was estimated
through pathological review, deep amplicon-based sequencing of
exons 2 and 3 of KRAS (average depth of 1,0003), and single nucleo-
tide polymorphism (SNP) array-based cellularity estimates using a
novel algorithm (qpure)10. KRAS mutations were identified in 93%
of 142 cases and tumour cellularity ranged from 5% to 85% with a
mean of 38% (Supplementary Table 2, Supplementary Figs 2 and 3, and
Supplementary Methods).

To inform cellularity thresholds for subsequent analyses, we defined
the impact of stromal DNA content on mutation detection by exome
capturing and sequencing different mixtures of cancer cell line and
matched germline DNA (100%, 80%, 60%, 40%, 20% and 10% cell line
DNA) when sequenced to a depth of 703 coverage. Using these data as
a standard, the median sensitivity to detect true positives across all
samples in the cohort with greater than 20% epithelial cellularity was
estimated at 45% (Supplementary Table 3). An informative cohort of
99 patients who had greater than 20% cellularity and/or $10 validated
somatic mutations was taken forward for further analysis.

Mutation detection and CNV analysis
We performed hybrid-selection-based capture and sequencing of the
entire exomes of tumour and matched normal DNA derived from all
142 patients using a combination of capture systems and next-
generation sequencing platforms (see Supplementary Methods). The
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Next	  Steps	  

•  Addi3onal	  QC	  on	  muta3on	  data	  
– Target	  gene	  selec3on	  on	  copy	  number	  aberra3ons	  

•  Incorporate	  background	  muta3on	  model	  
•  Incorporate	  other	  data	  types:	  e.g.	  expression	  
and/or	  methyla3on	  

•  Dendrix:	  exclusivity	  
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